A comprehensive understanding of microcystin (MC) effects and mode(s) of action(s) on aquatic 13 biota has not been achieved yet. In the present study, Nile tilapia (Oreochromis niloticus) were sub-14 lethally exposed to the microcystin analogue MC-LA for 12, 24, 48 and 96 hours, and gene 15 expression of PP1, PP2A, GST and actin were analyzed by quantitative PCR. Moreover, PP2A protein 16 abundance profile was established by immunoblotting, while its biological function integrity was 17 checked by a phosphatase enzymatic assay. PP2A activity was significantly reduced by MC-LA, 18
INTRODUCTION 27
There are about 40 cyanobacteria genera able to produce toxic metabolites. Microcystin (MC) For total protein extraction, 10 to 50 mg of tissue from 10 (ten) individual livers were homogenized 104 in 0.5 mL lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 15 mM EDTA, 1 mM PMSF) using an 105 Ultra-Turrax ® homogenizer. The homogenates were centrifuged at 18,000xg for 15 min at 4 °C for 106 particulate removal. Total protein concentrations were determined using the Qubit Protein Assay Kit 107 (Invitrogen). Total protein extracts (15 µg) were electrophoretically fractionated on 12% 108 polyacrylamide gels under denaturing and reducing conditions (Laemmli, 1970) . The fractionated 109 proteins were then transferred to a nitrocellulose membrane, which was incubated for 2 h at room 110 temperature under stirring in a blocking solution (5% non-fat milk Tris-buffered saline-Tween 20) 111 followed by an overnight incubation, at 4 °C with stirring, in a solution containing 1:16,000 dilution 112 of primary antibody (anti-PP2A C subunit -52F8 -Rabbit mAb -Cell Signaling). The membrane was 113 then washed three times with Tris-buffered saline-Tween 20 for 10 min and subsequently incubated 114 for 2 h, at room temperature under stirring, with a 1:5,000 dilution of secondary antibody (anti-115
Rabbit IgG-Peroxidase -Sigma). The blotting was revealed with Super Signal West Dura 116
Chemioluminescent Substrate (Pierce) and the membrane was exposed to photographic film 117 (Hyperfilm ECL -Amersham) for 1, 5 and 10 min. The films were scanned and the optical densities of 118 the bands analyzed using the ImageJ software. 119
PP2A and PP2C activity assay 120
For PPA2 catalytic activity assay, another total protein extraction from individual liver samples was 121 performed. Tissue (10-50 mg) was homogenized in 0.5 mL lysis buffer (50 mM Tris-HCl pH 7.5, 10% 122 glycerol, 0.05% β-mercaptoethanol, 0.1 mM EDTA, 0.5 mM PMSF, protease inhibitor mix -Roche) 123 using an Ultra-Turrax ® homogenizer. Samples were centrifuged at 100,000x g for 1 h at 4°C and the 124 supernatants filtered through a Sephadex G25 column to remove free phosphate. Total protein 125 concentrations were estimated using the Quit Assay kit (Invitrogen). PP2A activity was determined 126 using the Ser/Thr Phosphatase Assay System (Promega). Briefly, a total of 10 µg of protein from each 127 sample were loaded per well into a 96 well-plate containing substrate (RRA(pT)VA) solution (250 128 mM imidazole pH 7.2, 1 mM EGTA, 0.1% β-mercaptoethanol, 0.5 mg.mL -1 BSA) and incubated at 129 6 37°C for 15 min. For PP2C analysis, PP2C MgCl2, 1M was added to the reaction instead of okadaic 130 acid, 0.3mM and incubation time was 30 min. After incubation, 50 µL of molybdate dye/additive was 131 added and the samples left for 30 min to develop the reaction color. The optical density of the 132 samples was determined using a plate reader (SPECTRAmax M2e) at 630 nm. The amount of 133 phosphate released was calculated using a standard calibration curve (0-2,000 pmol Pi). All samples 134 were analyzed in triplicate and the results normalized per minute per μg of protein.
135

Statistical analyses 136
Mann-Whitney U test was used to assess the differences between treated and control groups. 137
Results were considered statistically significant when p <0.05. The software GraphPad Prism was 138 used to construct the graphical representations of data. 139
140
RESULTS
141
The results from the two experiments were grouped together on a single dataset due to the lack of 142 significant differences between the beginning (0 h) and the end (96h) of each independent 143
experiment. 144
After exposure to MC-LA, a significant increase in phosphatase gene expression was observed both 145 for PP2A and PP1. PP2A gene expression was significantly higher than controls at all times ( Figure  146 1A), presenting the highest increase after 12 h (9.1-fold), followed by a decreasing trend of 4.3-fold 147 after 24 h and of 2.5-and 2.6-fold after 48 and 96 h, respectively. PP1 gene expression significantly 148 increased after 12 (2.9-fold) and 96 h (1.8-fold) of i.p. injection of 1,000 µg.kg -1 MC-LA ( Figure 1B) . 149
No significant induction was observed after 24 or 48 h. Consistent with gene expression results, the 150 exposure of tilapia to MC-LA led to a significant increase of 1.3-and 3.5-fold of PP2A protein ( Figure  151 2) after 24 and 96 h, respectively. However, PP2A protein increase was not followed by an 152 increase/reestablishment of PP2A enzymatic activity, which was completely inhibited at all sampling 153 times ( Figure 3A) . Further experiments showed that PP2C enzymatic activity was not significantly 154 7 affected by exposure to MC-LA, varying from 0.44 to 2.86 ρmol P.min -1 .μg -1 in the control, to 0.31 to 155 4.69 ρmol P.min -1 .μg -1 in the exposed fish ( Figure 3B ). 156
GST exhibited a significant suppression after 12 h (2.6-fold), without significant difference afterwards 157 ( Figure 1C) . Finally, actin gene expression was significantly up regulated (3.1-fold) in fish 12 h after 158 i.p injection of MC-LA ( Figure 1D) . 159
160
DISCUSSION 161
The protein phosphorylation balance in a cell is a dynamic process regulated by phosphatases and 162 Brautigan, 1994). The positive (9.1-fold after 12 h) feedback mechanism induced by PP2A gene 167 expression in tilapia, after exposure to sub-lethal MC-LA dose (1,000 µg.kg -1 ), was not enough to 168 counteract the complete PP2A catalytic activity inhibition that occurred concomitantly. 169
To further examine the possibility of other phosphatases taking over dephosphorilation and 170 compensating for PP2A inhibition, we measured the PP2C activity that remained unchanged after 171 exposure to MC-LA, but very low. This is in accordance with the literature that shows 2B and 2C 172 activity to be negligible and PP2A to be responsible for 90% of all phosphatase activity in a variety of 173 animals, from Human and rat to Xenopus frog (Ferrigno, Langan, & Cohen, 1993). We were not able 174 to test PP1A activity. But PP1A gene was not induced in the same way as PP2A. Thus, a 175 compensation for the reduction of PP2A activity in the cell by other yet unknown phosphatases, as 176 the protection mechanism that allows fish to survive under high MC-LA concentrations, is unlikely. 177
Other main possibility for the high fish tolerance to MC-LA, is the conjugation with glutathione (GSH) 178 known to be the first step in MC detoxification pathway (Pflugmacher et al., 1998). However, we 179 found no strong evidence in our study to support it In fish liver, the detoxification mechanism of MC 180 8 seems to begin with a conjugation reaction where GST plays a significant role mediating the 181 formation of a MC-GSH conjugate that can be eliminated afterwards, suggesting that the elimination 182 process is based on phase II biotransformation enzymes (Pflugmacher et al., 1998). 183
The suppression in the GST gene expression (2.6-fold) observed 12h after MC-LA i.p. injection does 184 not point towards an efficient tolerance mechanism. In other fish species exposed to MC, Gst genes 185 According to the same authors, compared to mammals, morphological studies of the immune 215 system and in particular the inflammatory responses in fish are scarce, much due to a general lack of 216 good cell markers. So it may be difficult at this time to further investigate the hypothesis we rise 217 here that O. niloticus tolerance to MC-LA is related to its immune system. 218
219
CONCLUSIONS 220
The present study contributes to better understand the sublethal effects and the possible mode of 221 action of MC-LA in tilapia. PP2A activity was completely inhibited in tilapia exposed to 1,000 µg.kg Honkanen RE., Zwiller J., Moore RE., Daily SL., Khatra BS., Dukelow M., Boynton AL. 1990 . Pflugmacher S., Wiegand C., Oberemm A., Beattie KA., Krause E., Codd GA., Steinberg CE. 1998. 295
Identification of an enzymatically formed glutathione conjugate of the cyanobacterial 296 hepatotoxin microcystin-LR: the first step of detoxication. 
